The frequency of large-scale heavy precipitation events in the European Alps is expected to undergo substantial changes with current climate change. Hence, knowledge about the past natural variability of floods caused by heavy precipitation constitutes important input for climate projections. We present a comprehensive Holocene (10,000 years) reconstruction of the flood frequency in the Central European Alps combining 15 lacustrine sediment records. These records provide an extensive catalog of flood deposits, which were generated by flood-induced underflows delivering terrestrial material to the lake floors. The multi-archive approach allows suppressing local weather patterns, such as thunderstorms, from the obtained climate signal. We reconstructed mainly late spring to fall events since ice cover and precipitation in form of snow in winter at high-altitude study sites do inhibit the generation of flood layers. We found that flood frequency was higher during cool periods, coinciding with lows in solar activity. In addition, flood occurrence shows periodicities that are also observed in reconstructions of solar activity from 14 C and 10 Be records (2500e3000, 900e1200, as well as of about 710, 500, 350, 208 (Suess cycle), 150, 104 and 87 (Gleissberg cycle) years). As atmospheric mechanism, we propose an expansion/shrinking of the Hadley cell with increasing/decreasing air temperature, causing dry/wet conditions in Central Europe during phases of high/low solar activity. Furthermore, differences between the flood patterns from the Northern Alps and the Southern Alps indicate changes in North Atlantic circulation. Enhanced flood occurrence in the South compared to the North suggests a pronounced southward position of the Westerlies and/or blocking over the northern North Atlantic, hence resembling a negative NAO state (most distinct from 4.2 to 2.4 kyr BP and during the Little Ice Age). South-Alpine flood activity therefore provides a qualitative record of variations in a paleo-NAO pattern during the Holocene. Additionally, increased South Alpine flood activity contrasts to low precipitation in tropical Central America (Cariaco Basin) on the Holocene and centennial time scale. This observation is consistent with a Holocene southward migration of the Atlantic circulation system, and hence of the ITCZ, driven by decreasing summer insolation in the Northern hemisphere, as well as with shorter-term fluctuations probably driven by solar activity.
1. Introduction
Recent and future alpine flood occurrence
Future geographical and temporal distribution of floods caused by extreme precipitation events is one major concern in the current climate-change discussions (CH2011, 2011 IPCC, 2012) . In recent decades, the Alpine realm has experienced exceptionally heavy and disastrous floods that caused extensive social, economic, and infrastructural damage (e.g. 1978, 1987, 1999, 2005) (Hilker et al., 2009) . Furthermore, a very recent worldwide increase in heavy floods (e.g. Pakistan (2010) , Australia (2010e11) and Thailand (2011)) has intensified the scientific but also the broad public sensibility for this natural hazard. Based on the ClausiuseClapeyron equation (Berg et al., 2009; Trenberth, 2011) , it could generally be expected that heavy precipitation events become more frequent and/or intense with global warming due to an increasing water vapor carrying capacity with higher air temperatures. However, changes in mean precipitation and especially in heavy precipitation events are highly variable since their distribution is controlled by complex atmospheric circulation cells whose position and meridional expansion are governed by changes in air and sea-surface temperature (Trenberth, 2011) .
Climate simulations project an increase/decrease in annual mean precipitation for Northern/Southern Europe by the end of the 21st century (CH2011, 2011; Rajczak et al., 2013) . The Alpine realm is located at the NortheSouth transition zone, where projection uncertainties for fall and spring precipitation are high (CH2011, 2011 . During summer (winter), however, the transition zone is located in Northern (Southern) Europe, thus simulations predict dry (wet) conditions for the Alps. Concerning precipitation intensity, a general intensification of the events due to increasing air temperatures (i.e. intensified convection) is expected, regardless of the season and the magnitude of change in mean precipitation (Berg et al., 2009; CH2011, 2011 Rajczak et al., 2013) . Thus, an intensification of precipitation but a decreasing event frequency is for instance expected for summer. Yet, there are uncertainties in precipitation simulations, mostly arising from unexpected changes in large-scale atmospheric circulation, convection, and the role of soil feedbacks (Frei et al., 2006; Christensen and Christensen, 2007; Seneviratne et al., 2010; CH2011, 2011 .
The increase in financial damage caused by summer and autumn floods in the Swiss Alps during recent decades (e.g. in 1987, 1993, 2005, 2007) (Hilker et al., 2009) contrasts to the from climate warming expected decrease in the frequency of heavy summer precipitation. This discrepancy could be explained by an increase in precipitation intensity, or, alternatively, by the high susceptibility of modern and cost-intensive infrastructure to damage. Infrastructure is, due to a lack in space, often built at locations exposed to natural hazards. Furthermore, awareness for floods was lost because of the so-called 'disaster gap' between 1882 and 1976 (Röthlisberger, 1991; Pfister, 2009; Schmocker-Fackel and Naef, 2010b) and therefore prevention measures were neglected. Hence, in order to gain more clarity on the recent flood occurrence, improved knowledge on the natural variability of intense precipitation and related floods is needed. However, instrumental data series and historic documentations cover at most the past 500 years (Schmocker-Fackel and Naef, 2010a) , which are heavily influenced by the Little Ice Age (LIA) cold period and are therefore little representative for a warmer climate. Thus, for reconstructing flood recurrence rates on a longer, multi-millennial time scale, geological climate archives have to be used.
Lakes as recorders of past flood events
Lacustrine sediment records are an excellent archive for reconstructing past flood occurrence as they record flood events in a continuous and high-resolution mode (e.g. Noren et al., 2002; Moreno et al., 2008; Debret et al., 2010; Giguet-Covex et al., 2012; Støren et al., 2012; Wilhelm et al., 2012; Czymzik et al., 2013; Gilli et al., 2013) . Lake sediments also have the advantage that they are not prone to subsequent erosion such as e.g. riverine overwash deposits and fluvial sedimentary sequences (e.g. Sheffer et al., 2003; Macklin et al., 2005; Thorndycraft et al., 2005) .
Extreme precipitation mobilizes and entrains large amounts of sediment particles in the catchment area that are consequently fed into the river drainage. When this dense sediment-laden river water reaches the next down-stream lake, the plume plunges down and proceeds as a turbiditic underflow (Siegenthaler and Sturm, 1991; Mulder et al., 2003) . Once the deepest lake area is reached, the underflow spreads out, flow velocities decrease and sediment particles are deposited forming characteristic 'turbidite' layers (Mulder and Chapron, 2011; Gilli et al., 2013) . These 'turbidites' or 'flood layers' show a characteristic particle-size grading reflecting the waxing (i.e. coarsening up) and waning (i.e. fining up) of the flood hydrograph (Mulder et al., 2003; Lamb and Mohrig, 2009; Mulder and Chapron, 2011) . In addition, they are composed of detrital mineral grains and terrestrial organic material, and are often covered by a clay cap, representing the final fine-grained rain out of the turbidity flow.
Similarly, subaquatic mass movements triggered by e.g. earthquake-induced shaking, delta overloading or lake-level fluctuations generate turbiditic underflows (e.g. Girardclos et al., 2007; Strasser et al., 2007; Wirth et al., 2011) . Hence, it is important to distinguish between flood-and mass-movement-induced turbidite layers (Beck, 2009; Wirth et al., 2011; Simonneau et al., 2013) . In contrast to flood turbidites, mass-movement turbidites consist of remobilized lake sediments, thus showing a different mineralogical and organic composition characterized by a higher content of authigenic minerals and a dominance of aquatic organic material. In addition, they are often, but not necessarily, thicker than flood layers. Moreover, the grain-size pattern differs from flood layers due to the different dynamics of the sedimentary processes. In contrast to flood material, mass-movement material is released instantaneously, which often results in a weaker grain-size sorting (Arnaud et al., 2002; Simonneau et al., 2013) . In addition, different sedimentary facies of the lake-slope sediments (e.g. clay-, silt-, organic-, diatom-rich) result in less characteristic and thus less commonly valid grain-size patterns than in the case of flood deposits.
Snowmelts are not expected to provoke turbiditic underflows in the investigated lakes. Since the catchments of the lakes are relatively small and snow melting is a gradual process, released water volumes are not large and powerful enough to mobilize considerable sediment amounts (Lamoureux, 2000; Parris et al., 2010 ).
Study area and setup
We investigated 15 lacustrine sediment records from the Northern (N-Alps) and Southern (S-Alps) Central Alps ( Fig. 1) and established a comprehensive flood catalog for the past 10,000 years. Covering this long time period provides the possibility to investigate flood occurrence during warm (e.g. Holocene Thermal Maximum) and cool (e.g. Neoglaciation) Holocene periods, potentially providing information on characteristic atmospheric circulation patterns during different climatic conditions. This aspect might be particularly interesting in terms of the position of the westerly storm tracks (Westerlies), for which a northward shift is expected with current climate warming (Toggweiler, 2009; Woollings et al., 2012) . Applying a multi-archive approach seems necessary for the reconstruction of large-scale precipitation in an orographic setting like the Alps. Single enclosed Alpine valleys are prone to convective, thus spatially limited, events such as thunderstorms. Using multiple archives we aim to exclude the scattered occurrence of such events from the overall signal. In addition, undesired and possibly unknown lake-specific peculiarities like glacier influence or strong variations of vegetation in the catchment, modifying the lake's susceptibility to record heavy precipitation events, can be reduced. Moreover, variation in the frequency pattern between low-and high-altitude lakes might provide information on the seasonal occurrence of the floods, since lakes located at high altitudes are ice-covered during the winter half year and thus do not record events during the cold seasons. In addition, differences between the N-Alps and the S-Alps potentially provide information on variations in North Atlantic and Mediterranean climate (strength and meridional position of westerly winds; circulation patterns over the North Atlantic such as the North Atlantic Oscillation (NAO)) (e.g. Trigo et al., 2006; Trouet et al., 2009; Martin-Puertas et al., 2012) . Finally, comparing our results to climate reconstructions from lower latitudes, in particular tropical areas, offers the possibility to describe circulation coherences on a hemispheric scale (e.g. Haug et al., 2001; Wang et al., 2005; Mann et al., 2009; Mueller et al., 2009 ).
This article presents 1) the selection of suited lakes as well as methods to investigate the sediment, 2) reconstructions of flood frequency (flood records) for all investigated lakes, as well as for stacked flood records for the N-and S-Alps, 3) periodicities and similarities/differences found in the two areas, 4) comparisons to other climate records from the North Atlantic realm, and finally 5) a discussion on possible forcing and circulation mechanisms controlling the Alpine flood occurrence.
Material and methods

Lake selection
The study area is the Central European Alps, comprising Northeastern, Central and Southern Switzerland as well as Northern Italy. Ten lakes in the N-Alps and five in the S-Alps were selected for the flood reconstructions (Fig. 1, Table 1 ) (for lake descriptions see also Glur, 2013; Wirth, 2013) . A lake should fulfill the following characteristics to be potentially suited for this study: i) a sufficiently steep relief in the catchment area in order to enable the transportation of sediment particles into the lake, ii) one or several delta structures indicating riverine detrital input, iii) a flat, i.e. infilled and leveled out, basin floor, and iv) 'regular' lacustrine sediments contrasting to flood deposits . In addition, retrieving the Holocene record should be feasible with a standard platform and percussion piston corer, i.e. the Holocene sediment sequence should not exceed the thickness of w18 m.
The selected lakes lie at altitudes between 198 and 2065 m asl (Fig. 1 (Fig. 1) is mainly due to the geomorphological setting in the Ticino area (Southern Switzerland), characterized by a steep topography providing no space for the formation of lake basins at intermediate altitude (Lautensach, 1914) .
Sediment core retrieval
Before coring, the lake basins and sedimentary infills were investigated by performing a single-channel high-resolution 3.5 kHz reflection seismic survey and by retrieving w1 m long gravity cores from various locations. These site surveys served i) to evaluate the potential of the lake for the study, ii) to characterize the lake basin and the sedimentary infill, and iii) to determine the best coring location, which is characterized by the highest sensitivity to record flood events in a complete and continuous mode, ideally without interruption by mass-movement deposits. After these initial investigations, twin cores with a vertical section offset of 1.5 m were retrieved as 3 m sections from an Uwitec platform equipped with a manual percussion piston-coring system.
Sediment-core analysis and flood-layer identification
Standard analyses in the laboratory comprised gamma-ray attenuation bulk density and magnetic susceptibility measurements on closed cores with a Geotek multi-sensor core logger at a resolution of 0.5 cm; core opening by longitudinally splitting the cores into halves; and photographs of the fresh sediment core surface. Photographs were also optionally taken of the oxidized sediment surface, depending whether color alteration during oxidation facilitated the identification of flood deposits. The composite core section was established using the highest quality sediments, i.e. avoiding coring artifacts, cracks or blurred layering.
Flood layers were primarily mapped by visual identification directly on the core surface (Fig. 2a) . However, in order to support the visual flood-layer identification and to sedimentologically and chemically characterize the sediment a suite of methods was applied, depending on sediment properties and catchment chemistry of individual lakes (see Gilli et al., 2013 for review). Laserdiffraction grain-size analysis of event deposits (resolution 0.5 or 1 cm), as well as thin sections, smear slides, and carbon and nitrogen analysis (C/N ratio) of exemplary event deposits and sections Table 1 ). b) Grain-size analysis to discriminate between a flood-induced (left) and a mass-movement-induced turbidite deposit (right) based on different developments of granulometry classes, mode value and sorting. c), d) Core picture, CT image, as well as CT number and density logs of two selected core sections from Lake Ghirla (S2). For this lake, flood deposits (blue bars) could only be defined between 10 and 4 kyr BP (c), therefore CT data is used as a proxy for flood-induced detrital input between 4 and 0 kyr BP (d). HU: Hounsfield Unit. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (Lamoureux, 1994; Meyers, 1994; Schnurrenberger et al., 2003) were applied to define sediment lithologies and in particular to distinguish between flood-and mass-movement-induced deposits (Fig. 2b) . Establishing continuous records of riverine detrital input using computer tomography (CT) (resolution 0.6 mm) (St-Onge and Long, 2009) and X-ray fluorescence (XRF) core scanning (Avaatech instrument; resolution 1 mm) (Richter et al., 2006) was especially valuable for sediments with unclear boundaries of flood layers caused by limited color contrast between lithologies or by bioturbation ( Fig. 2c and d) . 
Core chronologies
Age-depth models were established using activity profiles of the radionuclide 137 Cs (measured using high-purity Ge well detectors at Eawag, Dübendorf, Switzerland) providing age horizons for 1986 (Chernobyl nuclear reactor accident), 1963 (peak of atmospheric weapon testing) and w1950 (zero-137 Cs activity) (Appleby, 2001) , and by AMS radiocarbon dating for the Holocene record. For radiocarbon dating, only wood and terrestrial macrofossil pieces were used, preventing potential error sources due to the hardwater effect. Radiocarbon ages (Supplementary Information (SI) Table S1 ) were converted to calibrated years before 1950 (cal yr BP) using the Intcal09 calibration curve (Reimer et al., 2009 ). Agedepth modeling with AMS radiocarbon ages and age control from 137 Cs dating was carried out on event-deposit-free sediment sequences, i.e. only on the record of regular lacustrine sediments, applying a linear or spline interpolation between the dating points using the Clam software (Blaauw, 2010 ) (SI Fig. S1 ). Resulting age uncertainty ranges between AE 37 and AE223 years.
Numerical analysis
Established flood chronologies for individual lakes consist of unevenly spaced flood catalogs. These event chronologies were transformed into 100-year moving sums of events, representing flood records of individual lakes (Figs. 3 and 4) . For generating the stacked records for the N-and S-Alps, the unevenly spaced flood catalogs were resampled (1-year sampling interval) and normalized to 0e100% flood activity. The continuous CT data, which was used instead of a flood-layer catalog for the period 4e0 cal kyr BP (in the following 'kyr BP') for lake S2 (see Section 3.1), was also normalized to 0e100%. Then, the sums of the Northern and Southern records were built, filtered with a 100-year low-pass Butterworth filter (Mann, 2004) , and again normalized to 0e100% flood activity (Figs. 5 and 6 ). This procedure for the stacked records neglects the absolute number of detected events in an individual record and therefore provides an equal weighting of the lakes. In reality, the amount of recorded flood layers in a single lake varies, potentially due to differences in morphological catchment features such as relief steepness, transport distance and bedrock type. However, because these boundary conditions are assumed to be stable over time, we argue that a lake recording few events is not a lower-quality archive for floods than a lake recording a high number of events. Similarly, statistical criteria such as e.g. the variance of the flood pattern do not necessarily reflect the floodrecord quality. Thus, we refrained from weighting a lake by applying such a statistical validation.
For time series analysis, the 1-year resampled data sets were used. Spectral analysis was realized applying the multi-taper method (Ghil et al., 2002) using the kSpectra Toolkit Fig. 4 . Same as Fig. 3 but for the S-Alps (lakes S1 to S5). For lake S2, the period À60 to 4000 cal yr BP is covered by continuous CT data at 0.6 mm resolution representing detrital input by floods (see Fig. 2c and d for details).
(SpectraWorks, version 3.3). Wavelet transform (Debret et al., 2009 ) was performed applying a windowed Fourier transformation using a modified MatlabÔ code from Torrence and Compo (1998) . Confidence levels for both statistical analyses were calculated relative to a red-noise background signal (Mann and Lees, 1996; Torrence and Compo, 1998) .
Results
Flood records of individual lakes
Event chronologies from the N-Alps (lakes N1 to N10, number increasing with altitude; Fig. 3 ) and the S-Alps (S1 to S5; Fig. 4 ) consist of 54e858 flood deposits per lake. In total, we identified more than 4700 flood layers, 1914 in the N-and 2829 in the S-Alps (Table 1) . Records of N1, N5, N6, N7, N9 and S1 are shorter than 10,000 years due to Holocene sediment thicknesses exceeding the achievable depth of the coring system. In addition, gaps in the records were left open when lithology considerably changed, e.g. due to strongly increased/decreased organic content (N6 and S4) or when human impact intensely altered the sediments during the past 50e100 years (e.g. modern reservoir constructions, N7 and N9). For S2, flood layers could not be defined between 4 and 0 kyr BP because of bioturbation destroying the fine sediment layering. Hence, instead of counting flood layers, detrital input was analyzed by applying CT, providing a high-resolution density record. Since the continuous CT record agrees to the pattern of visual flood-layer detection for the period 10e4 kyr BP (Fig. 2c) , we are confident that the CT density log is an accurate proxy for flood activity between 4 and 0 kyr BP (Fig. 2d) .
Flood records N-Alps
The individual flood records from the N-Alps (Fig. 3) show a high variability in frequency patterns. Nevertheless, common features and similarities are observed. The short records of N1 and N7 show high-amplitude, centennial-scale fluctuations in flood activity during the past 2 kyr, with an increasing trend found in N7. In N1, three prominent peaks of high flood activity from 1.4 to 1.1, 0.8e0.5 and 0.3e0 kyr BP characterize the record. Similarly, the flood occurrence of N4, N7 and N10, of N6, and of N2 is generally on a higher level during the past 800, 1200, and 2000 years, respectively. The records in N2 and N10 show a second wellpronounced period of high flood activity from 10 to 8.5 and 10e 9 kyr BP, respectively. N3 and N9 show quite similar patterns with periods of high flood activity around 8, from 6.4 to 4, 2.7 to 2.0, before 1 and from 0.4 to 0.2 kyr BP. N5 is characterized by low flood activity in the first half of the record, but higher and stronger fluctuating flood activity from 4.5 to 0 kyr BP. N8 shows a quite individual pattern with enhanced flooding in the early part until 5 kyr BP, a low phase from 4.5 to 2 kyr BP, and again increased flood activity between 2 and 0.5 kyr BP.
Flood records S-Alps
The flood records from the S-Alps (Fig. 4) are characterized by the appearance of features that are more common to all lakes than observed in the flood records of the N-Alps. The record of S1 is characterized by a period with enhanced flood activity from 6.4 to 5 kyr BP, a strong flood-activity peak at 4.5 kyr BP, and a dominating flood-activity peak from 2.6 to 2.2 kyr BP. The flood record of S2 shows most pronounced flood activity from 10 to 8.2, 6.3e 4.9, 2.7e2.4, as well as before 1 and between 0.5 and 0.2 kyr BP. S3, S5 and to some degree also S4 show a pronounced increase in flood occurrence shortly before 4 kyr BP, followed by distinctly enhanced flood activity until w2.4 kyr BP. Afterward, flood activity decreases but shows again a strong increase in the case of S3 and S4 at 1.5 kyr BP, which is followed by fluctuating flood occurrence. Overall, the most outstanding features in the S-Alps are the increase in flood activity shortly before 4 kyr BP, and the distinct peak in flood activity from 2.7 to 2.4 kyr BP that is clearly pronounced in S1, S2 and S5, and a bit less distinct in S3 and S4. This peak in flood-layer occurrence is extraordinary, since it is recognized by naked eye in the sediments, which is not similarly obvious for other peaks in the flood records.
Seasonality of flood events
The above given description of flood records indicates that altitude distribution is not governing similarities and differences among the lakes (cf. section 1.3; see lake numbering in Figs. 3 and  4) . Especially in the N-Alps, flood patterns do not show any coherence with altitude distribution (cf. the similar pattern but different altitude positions of lakes N2 and N10, as well as N3 and N9 in Fig. 3) . Hence, we propose that the recorded floods mainly occur during ice-free seasons, i.e. summer and autumn. This is in agreement with historical records documenting that the majority of the flood events during the past 500 years occurred in summer and autumn (Schmocker-Fackel and Naef, 2010a) and with seasonality studies using varved lake sediments from the N-and SAlps (Czymzik et al., 2010; Wirth et al., 2013) . 
Stacked flood records for the N-Alps and the S-Alps
The stacked records of the N-and S-Alps target at emphasizing features present in several records and at suppressing local signals. Thus, they allow reconstructing the occurrence of large-scale heavy precipitation events. The stacked records are quite robust against peculiarities of one lake during a certain time period, evidenced by the Jack Knife plots (Fig. 5) , which exclude one record from the stack at a time. In the North, it seems to be mainly N2 and N3 that show a slightly different behavior than the other lakes during certain time periods; in the South, it is S2 that creates the largest differences. Similarly as the single records, both stacks show centennial-to millennial-scale high-amplitude and rapid fluctuations in flood activity (Fig. 6) . The most extreme fluctuations even reveal differences in flood occurrence of more than 50% within few decades.
The overall pattern in the N-Alps record (Fig. 6a) is characterized by an elevated flood frequency from 10 to 8.3 kyr BP, moderately increased flood activity at 7.5 kyr BP and between 6.3 and 4.8 kyr BP, and shows an increasing trend during the past two and a half millennia. In the South (Fig. 6a) , the general pattern shows a twopart character, a relatively low flood activity from 10 to 4.2 kyr BP is followed by a sharp increase to a generally higher frequency level lasting until recent years. Within this overall division, periods with high flood activity are observed from 10 to 8.2, 6.3 to 4.8, 4.2 to 2.4, 1.2 to 1 and 0.5 to 0.1 kyr BP. Highest flood activity occurs between 10 and 9 kyr BP and during the most recent 1.5 kyr in the North, and from 2.7 to 2.3 and 0.5 to 0.1 kyr BP in the South. Lowest flood activity is found around 7 kyr BP and from 4.2 to 2.6 kyr BP in the NAlps, and from 8.1 to 6.6 kyr BP in the S-Alps.
Focusing on the past two millennia (Fig. 6b) , which have lately intensively been investigated (Mann et 2011; Graham et al., 2011) , we found the that the period of the Roman Empire (RE; À100 to 300 AD) is characterized by a low but fluctuating flood activity in the N-Alps and a rather low flood activity in the S-Alps. The people migration period (MP; 400e800 AD) shows a high flood activity in the N-Alps, but is rather poor in floods in the S-Alps. The Medieval Climate Anomaly (MCA; 950e1250 AD) shows in the North vigorous fluctuations in flood occurrence by up to 50%, thus indicating both markedly wet and dry phases. In the South, the MCA shows a distinctly dry character with minor fluctuations. The LIA (1450e1850 AD) is on both sides of the Alps characterized by a higher flood frequency than the MCA. However, it is not uniformly wet but shows, in particular in the North, a triple alternation between dry and wet periods.
Time series analysis
Climatic mechanisms and forcing factors are often governed by periodicities, e.g. solar variations and orbital cycles. Hence, performing frequency analysis on our flood records (Fig. 7a ) potentially provides evidence for climate forcing controlling the reconstructed pattern. In the N-Alps, time series analysis as shown in the wavelet transform plot indicates over large parts of the record a period of about 900e1200 years, which is observable before 7 kyr BP and of Fig. 7 . Time series analysis for a) the N-Alps and the S-Alps flood reconstructions, and b) climate proxy records, TSI (Steinhilber et al., 2009 ) and ssNa (Mayewski et al., 1997) . 95% confidence levels are presented as black lines in Morlet wavelet transform spectra (left) and red lines in frequency spectra (right). Confidence levels are calculated relative to a rednoise background signal (Mann and Lees, 1996; Torrence and Compo, 1998). Gray bars mark periodicities found in the Alpine flood reconstruction as well as in TSI. w500 years from 10 to 9, 7 to 4.5 and 1.5 to 0 kyr BP (Fig. 7a) . Both the 900e1200 and the w500-year period are below the 95% confidence interval though. In addition, spectral analysis indicates shorter cycles of 350, 250, and 150 to 70 years. The wavelet transform for the S-Alps record is characterized by a pronounced and significant periodicity of 2000e3000 years, as well as by a weaker periodicity of 1500e1800 years that is mainly observable before 4.2 kyr BP. At 4.2 kyr BP, a large number of periods become significant, possibly indicating enhanced variability in flood occurrence. In addition to the millennial-scale periods, we found in the S-Alps frequency spectrum significant centennial-scale periodicities of approximately 740, 500, 350, 250, 150, 100 and 87 years.
Discussion
Potential sedimentological and vegetation-/human-driven influences on the flood signal
Long-term increasing trends in flood-layer occurrence, as observed in the N-Alps during the past 2.5 kyr (Fig. 6a) , may be caused by prograding lake deltas bringing the coring site closer to the sediment source (river inflow) (Noren et al., 2002) . The coring location, which we chose at the deepest depression of the lake basin, would thus experience an increasing sensitivity to be reached by the heads of turbidity currents. However, such a morphological change produces a gradual trend over several thousands of years and therefore does not falsify our reconstructed higher frequency signal in flood variations. In addition and even more importantly, climatic factors governing such an increasing trend cannot be excluded, thus we decided not to apply a detrending function to the data.
Apart from such morphological factors, a rise in flood-layer occurrence could potentially be caused by vegetation changes and/or human impact such as land-use change and deforestation, increasing erodibility in the catchments (e.g. Giguet-Covex et al., 2011) .
In the N-Alps, the increasing trend in flood activity during the past 2e2.5 kyr (Fig. 6a) could be partly related to human activities in the lakes' catchment areas. In particular, the flood signals of lakes N2, N4 (Heiri et al., 2003) and N6 may be affected by deforestation and agriculture. In addition, the observed diversity of the individual Northern flood records could be caused by changes in vegetation cover and human activities in the catchments instead of climatic reasons. This would imply, however, that such vegetation-/humandriven changes occurred at different points in time in the N-Alpine catchments, which seems unlikely. We rather propose that the different signals are caused by the unequal distribution of intense precipitation areas in the N-Alps (Fig. 1) (Frei and Schär, 1998) .
In comparison to the N-Alps, the S-Alpine lakes are probably less affected by human activities, since they are altogether located in more remote areas. Pollen profiles from locations close to S2 and S5 show that moderate human impact began only 2000 years ago (Schneider and Tobolski, 1985; Stapfer, 1991) ; S4 is located in a very remote area, making a significant influence of human activity on sedimentary processes unlikely; and slopes around low-altitude lake S2 are rocky and forested today, indicating that they are not convenient for agriculture or as pasture. For lake S3, an increase in anthropogenic pollen at w4.0 kyr BP , i.e. at about the same time as a distinct increase in flood activity is observed (Fig. 3) . Thus, the increase in flood layers might have been influenced by human impact in the catchment area. However, lakelevel reconstructions document a pronounced lake-level rise at w4.4 kyr BP Vannière et al., 2013) , providing important evidence for hydro-climatic changes independent of the flood-layer-based reconstruction. In addition, the lake-level reconstruction for the succeeding 4 kyr is also in good agreement with the flood reconstruction .
Altogether, any climatic variations, e.g. changes in the precipitation/flood regime, are likely accompanied by a reaction of the vegetation and also of human activities. Still, we are confident that the careful characterization of lithologies of the here used lake records and the exclusion of sections with pronounced sedimentological changes from our data (e.g. N6, S4) provide solid precipitation records. Moreover, our assumption of a predominant climatic control on flood-layer frequency is supported by Central European lake-level reconstructions (lakes Cerin, Constance, Accesa, Ledro) that are in agreement with flood reconstructions based on variations in terrigenous input or discrete flood deposits (lakes Le Bourget, Ledro) (Magny et al., 2011; Arnaud et al., 2012; Magny et al., 2012; Vannière et al., 2013) .
Central Alpine flood variability compared to solar irradiance, cold events and glacier advances
In order to discuss climatic control on the reconstructed Central Alpine flood signal, we primarily compare our flood data set to variations in total solar irradiance (TSI) (Steinhilber et al., 2009) , as well as to proposed cold events (Bond et al., 1997 (Bond et al., , 2001 Wanner et al., 2011) and global/Alpine glacier advances (Denton and Karlén, 1973; Schimmelpfennig et al., 2012) (Fig. 8) . These records allow the tracking of changes between cool and warm climatic periods during the Holocene, and the comparison of their frequency spectra with periodicities found in our flood chronology provides further important evidence for the climatic mechanism controlling Alpine floods.
Variations in TSI
Variations in TSI over the past 9300 years (Figs. 7b and 8d) were reconstructed from the cosmogenic radionuclide 10 Be in ice cores (Steinhilber et al., 2009 ). The absolute variation of TSI lies in the range of AE1 Wm À2 only and, therefore, the direct influence on air temperature must be relatively small (Haigh, 2003; Wanner et al., 2008) . However, feedback mechanisms affecting ocean-surface, ozone, or cloud-cover response have been proposed for explaining the comparably large observed impact of the small solar variations on atmospheric circulation, and on the Hadley and Walker circulation in particular (Gray et al., 2010, and references therein Denton and Karlén, 1973; Viau et al., 2006; Wanner et al., 2008; Debret et al., 2009; Yu et al., 2011) . In our flood reconstruction, the longer solar cycles appear as periods of approximately 2000e3000 and 900e1200 years (Fig. 7a) . The shorter cycles are particularly well represented in the S-Alpine flood record (approximately 740, 500, 350, rather 250 instead of 208, 150, 100 and 87 years) but less evident in the N-Alps (Fig. 7a) , indicating a stronger solar influence on the S-Alpine than on the N-Alpine precipitation regime. This manifestation of solar cycles in the flood chronologies suggests that variations in solar activity are an important factor in controlling the frequency of intense precipitation in the Central Alps. Apart from coinciding periodicities, flood activity seems to be increased during periods of low solar irradiance, e.g. from 6.3 to 4.8, 1.4 to 1, and 0.5 to 0.1 kyr BP (Figs. 8d, 8e and 8f) . Also, solar activity is low from 3.6 to 2.4 kyr BP but this phase is only accompanied by high flood activity in the S-Alps (4.2e2.4 kyr BP). Further discussion on this interesting period and its differing pattern between the N-and S-Alps is provided below. (Steinhilber et al., 2009 ) (50-year running mean with 100-year smooth); flood activity in the (e) N-Alps and (f) S-Alps (100-year low-pass filtered), on the right: arrow indicates state of the NAO based on S-Alpine flood frequency; g) global glacier advances (Denton and Karlén, 1973) ; h) NAO reconstruction from Greenland (Olsen et al., 2012) ; i) precipitation record from the Cariaco Basin (Haug et al., 2001 ); j) NAO reconstructions covering the past 1000 years (Trouet et al., 2009 ); k) ssNa concentrations from the GISP2 ice core (Mayewski et al., 1997 (Mayewski et al., , 2004 ) (100-year low-pass filtered); l) storminess (0e1) record from the NE United States (Noren et al., 2002) . Gray shaded areas and gray arrows mark periods with enhanced flood activity in the Alpine realm. Blue arrows mark periods in the N-Alps that show an opposite flood activity than the S-Alps. Elevated flood activity in the S-Alps is an indicator for a more southerly positioned Atlantic circulation system and a tendency towards lower NAO indices. Bond et al. (1997 Bond et al. ( , 2001 proposed the occurrence of cold events with a periodicity of w1500 years (Fig. 8c) , based on increased concentrations of ice-rafted debris in the North Atlantic. The significance of this 1500-year cycle has been debated though and a fluctuating cycle of 1500 AE 500 years with dominant cycles of about w1000 and w2000 years has recently alternatively been proposed (Obrochta et al., 2012) . At least the shorter cycle may be represented by the 900e1200-year period found in the N-and S-Alpine flood reconstruction. Also, Wanner et al. (2011) proposed six Holocene cold events on a global scale (Fig. 8b) , which partly coincide with events of Bond et al. (2001) . However, Wanner et al. (2011) did not find an underlying periodicity and thus claim that the events are controlled by interplaying variations in solar activity and changes in thermohaline circulation, as well as by the internal variability of the climate system. Overall, the comparison of our Alpine flood-activity peaks with the cold events described by Bond et al. (1997 Bond et al. ( , 2001 (Fig. 8c) and/or by Wanner et al. (2011) (Fig. 8b) indicate correlations at approximately 8.2, 6.2, 5.5, 4.7, 2.7 (only SAlps), 1.3 and 0.5 kyr BP.
Cold events
Glacier advances
The 2500e3000-year cycle, which is apparent in the S-Alpine flood chronology and in the TSI record, has also been documented in global reconstructions of major Holocene glacier advances (Fig. 8g) (Denton and Karlén, 1973) . Denton and Karlén (1973) already proposed solar control for these glacier fluctuations since they observed a similar pattern in the record of 14 C residuals (Stuiver et al., 1998) , which is in fact closely corresponding to the 10 Be ice-core record used for TSI reconstructions (Finkel and Nishiizumi, 1997; Wanner et al., 2008; Steinhilber et al., 2009 ). These global glacier advances at 6e5, 3.4e2.4, 1.3e0.1 kyr BP coincide with increased flood activity in the S-Alps, and except for the period 3.4e2.4 kyr BP also in the N-Alps. In addition, Alpine glacier advances between 4 and 3 kyr BP, which were possibly larger than advances during the LIA, have recently been documented (Schimmelpfennig et al., 2012) and coincide with the distinctly high flood occurrence in the S-Alps at 4.2e2.4 kyr BP.
Atmospheric circulation mechanism underlying the Central Alpine flood signal
The discussion above suggests that floods in the Central Alps occurred more frequently during cool climatic periods (i.e. at 6.3e 4.8, 4.2e2.4, 1.2e1 and 0.5e0.1 kyr BP), whose occurrence seems to be predominantly governed by lows in solar irradiance. The overall atmospheric mechanism generating more floods in the Alpine realm is therefore given by a shrinking of the Hadley circulation cell due to decreasing air temperatures and ocean-atmosphere coupling (Haigh, 2003; Lu et al., 2007; Gray et al., 2010; MartinPuertas et al., 2012) . A shrinking of the Hadley cell, accompanied by an expansion of the polar vortex, induces a southward shift of the westerly storm tracks, moving them more frequently towards Alpine latitudes. During warmer periods, however, the subtropical dry zone expands polewards, bringing dry conditions to Central Europe due to a northward-shift of the Westerlies over the North Atlantic (Toggweiler et al., 2006) . These settings are in agreement with precipitation reconstructions for Norway (Bakke et al., 2008) , indicating a dominant southerly position of the Westerlies, and hence cool temperatures at mid-latitudes, at 2.8, 1.2 and 0.4 kyr BP. These time periods agree with periods of enhanced flood activity in the N-Alps (1.2 and 0.4 kyr BP) and in the S-Alps (all three periods), as well as with enhanced solar lows. Since we dominantly reconstruct summer and autumn events, our results are in agreement with current climate models, which propose with global warming a decrease in large-scale advective precipitation events in summer over Central Europe (Frei et al., 2006; CH2011, 2011 Rajczak et al., 2013) and a northward shift of the Westerlies (Woollings et al., 2012) .
Circum-North Atlantic climate comparison related to the alpine flood reconstruction
The following paragraphs discuss the S-Alpine flood chronology in a North Atlantic context, putting particular emphasis on the period between 4.2 and 2.4 kyr BP. For this purpose, we use a Holocene precipitation record from the Cariaco Basin (Haug et al., 2001) (Fig. 8h) and an NAO reconstruction based on the redox chemistry of lake sediments from Greenland covering the period 5.2e0.3 kyr BP (Olsen et al., 2012) (Fig. 8i) .
Long-term southward migration of the atmospheric circulation system
The comparison of the precipitation record from the Cariaco Basin with the S-Alpine flood chronology is characterized by an opposing long-term trend from 7 to 0 kyr BP. Decreasing precipitation in the Cariaco Basin is accompanied by increasing flood frequency in the S-Alps ( Fig. 8f and h ). In addition, anti-correlating short-term fluctuations are observed between 4.2 and 2.4 kyr BP and at w1.1, 0.7, 0.4e0.2 kyr BP.
The contrasting long-term trends in the S-Alps and in the Cariaco Basin support a Holocene southward migration of the Atlantic circulation system, as proposed by Haug et al. (2001) and Mueller et al. (2009) . At the same time, this North Atlantic migration is coupled to a southward shift of the global ITCZ, which also affects tropical African precipitation (Verschuren et al., 2000) and Asian monsoon systems (Fleitmann et al., 2003; Wang et al., 2005) (Fig. 9) . The underlying climatic factors and mechanisms remain here speculative but are likely linked to decreasing Northern Hemisphere summer insolation, phases of low solar activity, and changes in ocean circulation (e.g. in the Atlantic Meridional Overturning Circulation) (Timmermann et al., 2005; Broccoli et al., 2006; Gray et al., 2010; Magny et al., 2011; Wanner et al., 2011; Trouet et al., 2012) .
Strong southward migration of the atmospheric circulation system between 4.2 and 2.4 kyr
The most striking difference between the N-and S-Alpine flood chronologies manifests in the high flood activity with superimposed pronounced short-term fluctuations in the S-Alps between 4.2 and 2.4 kyr BP, which is in the N-Alps characterized by distinctly low flood occurrence ( Fig. 8e and f) . In fact, the period 4.2e2.4 kyr BP is not only special in our Alpine flood reconstruction but is also outstanding in other climate records from the circumNorth Atlantic realm. The precipitation record from the Cariaco Basin (Haug et al., 2001 ) reveals distinct fluctuations at 3.9, 3.4, 2.8, 2.4 kyr BP (Fig. 8h) , which closely coincide with fluctuations in the S-Alpine flood frequency. In the NAO reconstruction from Greenland (Olsen et al., 2012) , it is expressed as phases of exceptionally negative NAO conditions between 4.2 and 2 kyr BP (Fig. 8i) . Following from the above discussion (sections 4.3 and 4.4.1) on the atmospheric circulation mechanism controlling the Alpine flood occurrence, a high S-Alpine flood activity is likely related to a southerly position of the Westerlies. The fact that during the period 4.2e2.4 kyr BP mainly the S-Alps but not the N-Alps received heavy precipitation points towards an extreme southward movement of the entire circum-North Atlantic climate system during this time. As a consequence strong winds more often entered the Mediterranean Sea area (Trigo et al., 2006; references therein; Trouet et al., 2009 ) and thus increases the frequency of precipitation events at the Southern foothills of the Alps due to orographic lifting of the arriving air. At the same time, the N-Alps would have experienced a reduced influence of the Westerlies and thus record a low frequency of flood events. Interestingly, the time period between 5 and 4 kyr BP is considered as the onset of Neoglaciation and thus marks a major shift in Holocene climate towards cooler conditions (Denton and Karlén, 1973; Marchal et al., 2002; Debret et al., 2009) . This hypothesis of a strong mid-Holocene cooling is supported by Alpine glacier advance between 4 and 3 kyr BP, which was of similar or even larger extent than during the LIA (Schimmelpfennig et al., 2012) , and is therefore likely a main driver of this southward migration of the climate system. First, some explanation on the meaning of the term NAO for this study is provided. The modern NAO phenomenon has its largest impacts on European weather during the winter season (e.g. Hurrell and Van Loon, 1997) . However, our data set mainly represents spring to autumn floods. Therefore, we propose that we discuss here a 'paleo-NAO' pattern, describing an overall annual, or possibly even decadal, state of the circulation over the North Atlantic, as our stacked flood records are not seasonally resolved. Wanner et al. (2008) used the term NAO in a similar way, which is justified as the NAO index of the winter season and the here applied concept of a 'paleo-NAO' pattern both use the latitudinal pressure gradient in the North Atlantic realm to explain the predominant climate pattern.
Evidence for changes of the paleo-NAO
The flood pattern of the S-Alps reveals a remarkable similarity with a recently published NAO reconstruction based on a lakesediment record from Greenland (Olsen et al., 2012) , confirming a negative NAO state during phases of high S-Alpine flood activity ( Fig. 8f and i) . This is also the case for the ssNa record from the GISP2 ice core (Fig. 8k) , which has been treated as indicator for NAO changes (Meeker and Mayewski, 2002; Dawson et al., 2003; Trouet et al., 2012 , and references therein). Increased ssNa concentrations have been associated with enhanced storm intensity in the Greenland Sea, as well as positive temperature and precipitation anomalies in Norway, thus resembling a negative NAO state Giraudeau et al., 2010; Trouet et al., 2012) . This interpretation of the ssNa record is consistent with generally proposed prevalent negative NAO conditions during the LIA (high ssNa) and positive during the MCA (low ssNa) ( Fig. 8j and k) (Haug et al., 2001; Mann et al., 2009; Trouet et al., 2009) . This also agrees with our results, since increased flood occurrence in the S-Alps implies a southerly position of the Atlantic storm tracks (meeting the Mediterranean Sea) as well as a reduced meridional pressure gradient ('blocking') and hence a rather negative NAO state (Figs. 8f and 9) (Hurrell and Van Loon, 1997; Trigo et al., 2006; MartinPuertas et al., 2012; Polonsky and Bardin, 2012) . The rather low ssNa concentrations during the period 4.2e2.4 kyr BP, although coinciding with a supposedly exceptionally negative NAO state (evidence from the S-Alps, Greenland lake sediments, and the Cariaco Basin precipitation record), cannot conclusively be explained at the current time but could be interpreted as extended sea-ice cover in the Greenland Sea inhibiting intense sea spray. In addition, a Holocene storminess reconstruction for the Northeastern United States (Noren et al., 2002) (Fig. 8l) shows a pattern strongly resembling the S-Alpine reconstruction. The authors proposed that storm frequency is enhanced during negative phases of the Arctic Oscillation (AO), which is characterized by a lowpressure system over mid-latitudes (w45 N) and can, in the Atlantic sector, be treated as an equivalent to the NAO (Delworth and Dixon, 2000; Wanner et al., 2001) . Finally, the increasing trend in the S-Alps, the Cariaco Basin, and the Northeastern United States over the past 7 kyr can also be interpreted as a trend towards generally more negative paleo-NAO conditions (Wanner et al., 2008) . In conclusion, the presented comparisons with circumNorth Atlantic climate records underscore that our S-Alpine flood record is an indicator for decadal-to millennial-scale variations of a paleo-NAO pattern (Fig. 8f) .
Conclusions
We presented a comprehensive multi-archive reconstruction of Holocene flood frequency in the European Central Alps using 15 lacustrine sediment records. The following conclusions can be drawn from our study: 1)Investigating lake sediments is a powerful tool to track the occurrence of flood events in the past. Yet, working with multiple lake records is important in an orographic setting like the Alps, in which local as well as large-scale weather patterns contribute to the climate signal. Thus, the used multi-archive approach enabled us to reconstruct large-scale precipitation events and to suppress spatially limited and temporally scattered convective events such as thunderstorms.
2)An initial assumption that altitude differences produce a seasonality signal based on ice cover on high-altitude lakes in winter was not fulfilled. Hence, we conclude that most of the recorded floods occurred in summer and autumn, which is confirmed by flood reconstructions covering the past 500 years using instrumental and historic data as well as by varved lake sediments from the N-and S-Alps.
3)The flood records of the single lakes as well as the stacked flood records for the N-and S-Alps show centennial-to millennial-scale fluctuations in flood activity, often varying by more than 50% within only decades. 4)Periodicities found in the stacked records, i.e. approximately 2000e3000, 900e1200, 740, 500, 350, 200e250, 150, 100 and 87 years, strongly correspond to solar cycles. Indeed, high flood activity correlates to lows in solar activity, as well as to Holocene cold events and to global/alpine glacier advances, all together implying that flood events occur more often during cool periods in the Central Alps. As overall atmospheric mechanism, we propose a widening/shrinking of the Hadley circulation cell with high/low solar activity, bringing dry/wet conditions to Central Europe during summer time. 5)Differing flood activities in the N-Alps versus the S-Alps are probably provoked by changes in the meridional position of the Westerlies over the North Atlantic. Most conspicuous is the period between 4.2 and 2.4 kyr BP, which is regarded as cool on both sides of the Alps but with intense flooding only in the SAlps. For this special period, we propose that the circulation system has an exceptionally southerly position and/or blocking occurs over the northern North Atlantic. This enables strong winds to enter the Mediterranean Sea and to generate precipitation in the Southern Alpine realm. 6) In addition, the good agreement between S-Alpine flood activity, ssNa from the GISP2 ice core (Mayewski et al., 1997) , Holocene precipitation reconstructions from the Cariaco basin (negative relation) (Haug et al., 2001) and from the Northeastern United States (Noren et al., 2002) , as well as NAO reconstructions (Trouet et al., 2009; Olsen et al., 2012) , indicates that the S-Alpine flood record is sensitive to record variations in North Atlantic circulation, and hence provides evidence for long-term variations in a paleo-NAO pattern.
In this study, we only covered the frequency aspect of heavy precipitation events. With improved knowledge on the relationship among flood-layer thickness, grain size, and stream-flow intensity, also the magnitude aspect could be approached in future studies. Furthermore, although there is evidence that most floods occur in spring, summer and autumn, more information on the seasonality of the events seems important, as the seasonal distribution might vary with changing climate during the Holocene.
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